Microvascular end-to-end anastomoses of rat common carotid arteries measuring 0.6 to 0.7 mm in diameter were performed using an argon surgical laser system. Vascular bonding with the argon laser was accomplished in all cases. The anastomosed carotid artery segments were evaluated both angiographically and histologically at 1 day, l week, and 1 month after laser bonding. With increasing time after anastomosis, there was a trend toward increasing angiographically proven stenosis of the anastomotic segment and histologically demonstrated pseudoaneurysm formation of the vessel wall at the bonded site. Pseudoaneurysm formation was associated with a dense inflammatory response in the anastomotic vessel segment. In spite of excellent initial tissue bonding and vessel patency, the delayed results of progressive vessel wall disruption and segmental stenosis indicate that further experience in using the argon laser for vessel welding is needed before this method can be accepted as an alternative to current microvascular suture technique.
C
OLLAGEN bonding and coagulation occur during exposure to low-intensity laser radiation. This coagulative effect of the laser, which has been used for hemostasis and shrinkage of tumor tissue during surgical procedures, has more recently been used to bond biological tissue. 9A4"22 ' 26 Investigators have studied the effects of laser irradiation from available types of surgical lasers upon different tissues. 1, 3, 5, 7, 8, 11, 15, 18, 21, 22, 25 Those effects are well characterized and comprise a spectrum of thermal effect, including a central zone of vaporization (tissue absence), bordered by a zone of coagulation necrosis, and surrounded by an outer zone of edema. 4 The extent of each zone is determined by the wavelength of the laser light, tissue absorption characteristics, laser light intensity, energy delivery rate, and exposure time. 2,4,13 ' 15' 24,25 Experimental studies have demonstrated the use of the n e o d y m i u m -Y A G (Nd-YAG) laser l~ and the carbon dioxide (CO2) laser (C Nebblet, unpublished data, 1982) for end-to-end vascular anastomosis. Vascular bonding with the CO2 laser has been shown principally to involve the adventitia and outer muscular layer (C Nebblet, unpublished data, 1982) .
In vascularized tissue, argon laser light is heavily absorbed by hemoglobin because the hemoglobin spectral absorption curve overlaps the spectral emission curve for the argon laser. 11 '13'16'2~ In poorly vascularized nonpigmented tissue, argon laser beam penetration increases. Based on our previous experience with the argon laser we considered that the increased penetration available with the argon laser over the CO2 laser would be beneficial in the case of vascular anastomosis where, theoretically, to obtain the strongest union all vessel layers should participate in the bonding. In this study we have examined the use of the argon surgical laser for thermally bonding rat carotid arteries, and have evaluated vessel patency and regeneration both angiographically and histologically for up to 1 month after anastomosis.
M a t e r i a l s and M e t h o d s
Fischer 344 rats, each weighing 200 to 250 gm, were anesthetized with intraperitoneal pentobarbital (40 mg/ kg). The right c o m m o n carotid arteries, 0.6 to 0.7 m m in diameter, were isolated and transected between a microvascular clip approximator.
The adventitia was preserved, and two 10-0 monofilament nylon sutures were placed 180* apart to approximate the cut ends of the vessel using standard microvascular technique. With tension applied to the two suture strands in opposing directions, closer approximation of the everted edges resulted. Three groups of 10 rats each were evaluated at 1 day (Group 1), 1 week (Group 2), and 1 month (Group 3) after the anastomosis. The right axillary artery was cannulated in reanesthetized rats and arteriography was performed using a bolus injection of 3 cc of 60% Renografln. Rats were then sacrificed and the laserbonded vessels were removed and fixed in 10% formalin. Histological sections were stained with hematoxylin and eosin for determination of cellular integrity and nuclear staining. Masson trichrome stain was used to evaluate collagen staining and Verhoeff-van Gieson stain to assess the degree of regeneration of the internal elastic membrane.
Results
At the time of laser irradiation there was no narrowing of the outer vessel diameter at the anastomosis. However, arteriographically, at 1 day after anastomosis (Group 1), two of l0 carotid arteries had significant stenosis defined as greater than 20% reduction in the luminal diameter, and one had an intimal flap. At 1 week (Group 2), arteriography revealed one instance of * Argon surgical laser, Model AMPL, manufactured by Cooper LaserSonics, Inc., Santa Clara, California; operating microscope, Model OPMI-1, manufactured by Carl Zeiss, Kennesaw, Georgia. significant stenosis, one aneurysm, and one carotid artery with an intimal flap. One Group 3 rat died 5 days postoperatively due to vessel rupture, leaving nine rats for late evaluation. Anastomotic carotid artery segments in five of these nine rats had significant stenosis. Three of those five also had intimal flaps and aneurysms. Aneurysms without stenosis were seen in two rat carotid arteries.
Microscopic examination revealed no aneurysms at the bonded site in Group 1, six aneurysms at the bonding site in Group 2, and aneurysms in seven of nine Group 3 rats (Fig. 1) . Histological examination of stained bonded tissue sections indicated that all vessel layers participated in the bonding (Fig. 2) . In specimens evaluated 1 day after anastomosis there was a limited zone of thermocoagulation surrounding the bond. Within this zone, cellular integrity was disrupted and nuclear material staining was absent. Collagen did not stain well in this thermally injured zone. Variable amounts of mononuclear lymphocytic infiltration at the bonded site were present in bonded vessels at 1 week and 1 month. Extensive fibroblastic proliferation accompanied the leukocytic infiltration, especially in cases with pseudoaneurysm formation (Fig. 3) .
There was good intima-to-intima apposition and eversion of the vessel ends at the bonded site noted immediately after anastomosis (Group 1). The vascular lumen was well endothelialized by 1 week. However, the bonded carotid artery ends appeared progressively to separate, as seen in Group 2 and 3 carotid arteries, with progression in some to pseudoaneurysm formation (Fig. 1) . The elastica of bonded vessel segments did not appear to regenerate by 1 month after anastomosis (Fig.  4) . Thrombosis was seen in the pseudoaneurysms, with concentric layers of fibroblastic proliferation and fibrin clot in the walls.
Discussion
The conversion of radiant energy of a laser beam into the thermal energy at the tissue level is a function of wavelength, tissue absorption coefficient, and tissue conductivity. 2,~2,~5,~6,z4"25 As the wavelength of light de- creases, the energy of the photon increases. Tissue chromophores, such as hemoglobin and other globin moieties, melanin, and cytochromes, absorb visible radiant energy and convert it into thermal energy. ~l The presence of heat dissipators, such as circulating blood and tissue thermal conductivity, moderate the destructive thermal p r o c e s s . 2'~3't5'2~ Also, the rate of energy delivery to the tissue, which is related to the power density of the laser beam (as expressed in watts per surface area), will determine the thermal effect of the laser. 4,15,21,24 A high power density laser application (greater than 1000 watts/sq cm) tends to vaporize tissues, whereas lower power density application (less than 500 watts/sq cm) tends to photocoagulate tissues. The coagulation action of the laser used for vascular anastomosis will thus depend upon the wavelength of laser used, the tissue being exposed to the laser, and the manner in which laser energy is delivered.
Absorbed laser energy may result in the thermal denaturation of collagen. At elevated temperatures between 70* and 95"C, the collagen triple helix molecules will unwind and randomly crosslink to form new bonds. 6 When this process takes place, as when two collagen-rich vessel ends are in close apposition, a bond will form between them. This "fluidic state" collagen congeals into a molecular configuration that does not   FIG. 4 . Photomicrograph 1 month after anastomosis demonstrating the difference between a laser-bonded vessel site (single black arrow) and a non-irradiated sutured site (double black arrow). There is regeneration of elastica at the suture site but no regeneration of elastica is seen at the laser-bonded site. Double white arrow shows the histological appearance of an intimal flap. Verhoeff-van Gieson elastin, x 120.
have the tensile strength of the original triple helix structure. 6"l~ Hence, these bonds are inherently of low tensile strength. It is therefore necessary to use two to three sutures between the apposing vessel ends when performing a laser anastomosis to increase the tensile strength of the repair. Previous unreported work in our laboratory has shown that a thin film of blood or fibrin over the bond site during argon laser irradiation does not replace the need for sutures, which is contrary to the experience of Krueger and Almquist. 16 Fasano, et al., 5 have shown that argon and N d -Y A G laser-treated rabbit carotid vessels become less distensible. Laser-irradiated denatured collagen in continuity with the vessel wall did not appear to weaken the vessel wall? This increased stiffness was considered suitable for arterial aneurysm ablation. Maira, et al., 19 used an argon laser system to photocoagulate experimental arterial aneurysms in a rabbit. They noted an intense fibrotic reaction of the aneurysm dome with loss of cellular integrity within a zone of thermocoagulation. Endothelial proliferation and delayed aneurysmal thrombosis were frequently encountered in that study.
Based upon these two reports, we expected to see excellent fibrotic bonding of the cut arterial vessel ends after argon laser irradiation. We did not expect to see the high rate of aneurysm formation that occurred following end-to-end anastomosis with the argon laser system. Boggan has also noted a high rate of pseudoaneurysms in his experiments with sutureless end-toend vessel anastomosis using the argon laser (personal communication, 1984) . The explanation for this finding is suggested from our histological review of the carotid artery segments.
Initially after argon laser vascular bonding there is good intima-to-intima apposition. Over time, the layers separate due to the weakened tensile strength of the laser bond in the face of pulsatile pressure waves from the arterial blood flow. Blood escapes into the subadventitial layer to form a pseudoaneurysm. Interestingly, all pseudoaneurysms in our study had a mononuclear leukocytic infiltrate at the neck of the pseudoaneurysm (Fig. 3) . The argon laser has been known to produce an intense leukocytic infiltration 24 to 48 hours after the treatment of cutaneous lesions. TM None of the bonded carotid arteries in our study had leukocytic infiltration at 1 day, although infiltration was seen in most of the bonded sites at 1 week and 1 month after anastomosis. Carotid vessels without pseudoaneurysms 1 week and 1 month after bonding did not have leukocytic infiltration or fibroblastic proliferation. Proteolytic enzymes released by the leukocytes may cause weakening of the already weakened denatured collagen bonds. This then results in an intense fibrotic response, as seen in the aneurysm walls, in an attempt to heal the weak vascular bonded site and to reorganize the clot that is already in the aneurysm. We believe that the inflammatory response to healing the revascularized arterial segment in addition to the inherent weak tensile strength of the laser-bonded collagen in the presence of pulsatile blood flow are responsible for progressive breakdown of the initial histological bond.
Conclusions
We have shown that the argon surgical laser can be used for biological bonding of vessels, but delayed luminal stenosis and pseudoaneurysm formation were prevalent. The elastica layer did not regenerate within 1 month of the laser bond. Further experimental studies are needed before clinical trials using the argon laser for vascular welding can begin.
